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Introduction
Hepatocellular carcinoma (HCC) is one of the 5 most common cancers worldwide (1) . HCC has a high prevalence in Asian countries because of endemic HBV infection, and the incidence of HCC has been rising in Western countries over the past 20 years owing to increasing HCV infection and chronic alcoholism (2) . In the US, it was estimated that the number of new cases of HCC in 2008 would total 21,370, with 18,410 of these expected to die (3) . HCC is a tumor with rapid growth and early vascular invasion (4) . It is also highly resistant to standard chemotherapy (5) (6) (7) . The treatment options for HCC depend upon the stages and grades of the disease (8) . With localized disease, surgical resection, liver transplantation, radiofrequency ablation, and chemoembolization are the treatments of choice (9, 10) . However, most HCC patients present with advanced symptomatic tumors with underlying cirrhotic changes that are not amenable to surgical resection or transplantation. Systemic therapy with doxorubicin alone or a combination of cisplatin, interferon, doxorubicin, and 5-fluorouracil (PIAF) has not demonstrated any survival benefits in well-designed randomized controlled trials (7, (10) (11) (12) (13) (14) . Recently, sorafenib, an inhibitor of c-Raf and B-Raf kinases as well as of VEGFR family and PDGFR, has been introduced as the standard of care for the treatment of patients with advanced HCC based on a recently published phase III clinical trial (15) (16) (17) . While the median survival for placebo-treated patients was approximately 7.9 months, sorafenib-treated patients survived 10.7 months (16, 17) . The VEGF pathway inhibitor bevacizumab, either alone or in combination with chemotherapy, has demonstrated limited response (9, 18) . Other targeted therapies, such as erlotinib, everolimus, brivanib, and sunitinib are currently being tested in advanced clinical research investigations (19) . In view of this dismal scenario, understanding the molecular pathogenesis of HCC and developing targeted and effective treatments are mandatory for significantly increasing the survival interval and ameliorating the suffering of patients.
Multiple etiologies have been linked to HCC, and therefore no consistent genetic abnormalities have been attributed to this dis-ease. Chronic HBV infection results in HCC by integration of HBV DNA into the genome, leading to chromosomal instability, and by HBV x protein (HBx), which activates a plethora of protooncogenes and signaling pathways associated with HCC (20, 21) . Chronic HCV infection causes HCC via core HCV proteins NS3 and NS5A, which inhibit the cyclin-dependent kinase inhibitor p21 and interact with p53 (22, 23) . Mutations in numerous protooncogenes and tumor suppressor genes, such as p53, p73, Rb, adenomatous polyposis coli (APC), DLC-1, DLC-2, PTEN, SOCS1, GSTP1, HCCS1, Smad2/4, AXIN1, IGF-2, β-catenin, c-myc, and cyclin D1, have been detected in HCC (24) (25) (26) . The major signaling pathways activated in HCC are (a) MAPK, which includes cascades of phosphorylation of ras, raf, MEK, and ERK (activation of this pathway has been well documented in HCC cell lines, in vivo HCC models, and human HCC specimens; refs. 27, 28) ; (b) PI3K/Akt/mTOR pathway (29, 30) ; (c) NF-κB pathway, which might be activated by viral infection (persistent activation of NF-κB in the premalignant stage confers a survival advantage to hepatocytes that have acquired oncogenic mutations, thus favoring malignant transformation; ref. 31); and (d) Wnt/β-catenin-signaling pathway (32, 33) . The activation of multiple signaling pathways in different HCCs makes it difficult to develop effective alternative therapies using small molecules. Identification of a key molecule that contributes to the simultaneous activation of some of these pathways would provide an important target for therapeutic intervention for HCC.
Wnts are secreted glycoproteins that play a pivotal role in a variety of cellular processes, embryogenesis, body-axis formation, neurogenesis, and carcinogenesis (33) . There are 19 members of human Wnt family proteins that have been identified so far (34) . Wnts bind to 7-transmembrane-type cell surface Frizzled (Fzd) receptors, which have cytoplasmic Dishevelled-binding motif (35) . Currently, there are 10 identified members of the Fzd family. Canonical Wnt signaling is transduced to Fzd family and LDL receptor-related proteins 5 and 6 (LRP5/6) coreceptors, which are LDL family proteins with extracellular Wnt-binding domains and cytoplasmic Axin-binding motif (36, 37) . β-Catenin is the chief downstream effector of the canonical Wnt signaling pathway. In the normal steady state, β-catenin is targeted for degradation by phosphorylation at serine and threonine residues through the action of casein kinase Iα and glycogen synthase kinase 3β (GSK3β) (38) . These proteins form a larger degradation complex with axin, APC, and diversin, all of which play a role in successful posttranslational modification of β-catenin, which leads to recognition and subsequent ubiquitination by the β-transducin repeat-containing protein (39) . An activated state is brought about when Wnt binds to Fzd, inducing the assembly of Fzd-Dishevelled complex and LRP5/6-Axin complex, ultimately leading to the inactivation of GSK3β by Dishevelled. This leads to hypophosphorylation of β-catenin and its release from the complex with APC and axin, with ensuing nuclear translocation of β-catenin, where it binds to high-mobility group (HMG) box that contains the DNA-binding protein T cell factor/lymphoid-enhancing factor (TCF/LEF) family member; this complex controls transcription of various target genes (40) . Legless family docking proteins (Bcl9 and Bcl9L) link β-catenin to pygopus (PYGO) family coactivators, and the TCF/LEF-β-catenin-Legless-PYGO nuclear complex is the effector of the canonical Wnt signaling pathway (41) . In the absence of Wnt signaling, TCF/LEF binds to corepressors such as Groucho and C-terminal-binding protein 2 (CTBP2) to inhibit transcription of target genes (42, 43) . The TCF/ LEF target genes include those that encode the cell-cycle-related proteins c-myc and cyclin D1; adhesion molecules E-cadherin, CD44, and claudin 1 (CLDN1); transcription factors PPARδ and c-jun; and mediators of Wnt signaling itself, including TCF1, LEF1, Axin-2, Dickkoph, and Fzd-7 (see full list at http://www.stanford. edu/%7ernusse/pathways/targets.html).
The Wnt/β-catenin pathway plays an important role in progression of HCC, and dysregulation of this pathway characterizes a genomic subclass of HCC (44) . Around one-third of HCCs display β-catenin activation because of diverse mechanisms that include mutations in genes encoding β-catenin (CTNNB1), Axin1, and Axin 2 as well as Fzd-7 upregulation and GSK3β inactivation (45) (46) (47) (48) (49) . In mice, liver-specific deletion of APC induces β-catenin stabilization and increased HCC (50) . Simultaneous mutation of β-catenin and Ha-ras leads to 100% incidence of HCC in mice (51) . Transgenic mouse models overexpressing c-myc or TGF-β show mutation and/or nuclear translocation of β-catenin in liver tumors (52) . β-catenin activation provides additional growth and invasive advantages in a model of liver cancer promotion with phenobarbital in c-myc/TGF-α transgenic mice. These findings demonstrate that activation of the Wnt/β-catenin pathway is extremely important for HCC development and progression.
Astrocyte elevated gene-1 (AEG1) was first cloned as an HIV- and TNF-α-inducible gene in primary human fetal astrocytes (PHFAs) (53, 54) . In vivo phage screening allowed the cloning of mouse AEG1 as a protein mediating metastasis of breast cancer cells to lung and was named metadherin (55) . Mouse/rat AEG1 was also cloned by gene-trapping techniques and was named 3D3/lyric (56) . AEG1 mRNA encodes a single-pass transmembrane protein of predicted molecular mass of approximately 64-kDa and pI 9.3. Expression analysis revealed that AEG1 expression is significantly higher in melanoma, breast and prostate cancers, and malignant glioma cell lines compared with their normal counterparts (54) . Overexpression of AEG1 augments the anchorage-independent growth of HeLa cells and human glioma cell lines and increases their migration and invasion properties (57, 58) . Conversely, inhibition of AEG1 by siRNA significantly inhibits migration and invasion of malignant glioma cells and prostate cancer cells as well as in vivo lung metastasis of breast cancer cells (55, 59, 60) . AEG1 synergizes with Ha-ras to augment the transformed phenotype in immortal SV40 T antigen-expressing human melanocytes (FM516-SV) as well as in PHFAs (54) . Interestingly, AEG1 itself is a downstream target of Ha-ras and plays an important role in mediating the growth-promoting effects of Ha-ras (61) . In PHFAs, FM516-SV, and rat embryonic fibroblasts, AEG1 protects from serum starvation-induced apoptosis by activating PI3K/Akt signaling, indicating that AEG1 might function as a potential oncogene (62) . By activating Akt, AEG1 downregulates proapoptotic Bad and p21 and upregulates MDM2, nullifying p53 function, thus exerting its antiapoptotic effect (62) . Inhibition of AEG1 in prostate cancer cells downregulates Akt activation and leads to upregulation of forkhead box 03A (FOXO3A) activity, resulting in apoptosis (60).
One molecular mechanism by which AEG1 increases migration and invasion of malignant glioma cells is activation of the NF-κB pathway (57, 58) . Inhibition of NF-κB nullified AEG1-induced augmentation of anchorage-independent growth, invasion, and migration (57) . AEG1 is a transmembrane protein located predominantly in the perinuclear region (56, 57) . However, upon treatment with TNF-α or when overexpressed, AEG1 translocates into the nucleus, where it interacts with the p65 subunit of NF-κB as well as with CREB-binding protein (CBP) (57, 58) . AEG1 itself does not have a DNA-binding domain, and it resides in the NF-κB complex bound to IL-8 promoter, indicating that AEG1 might function as a bridging factor among NF-κB, CBP, and basal transcription machinery (58) . Thus AEG1 might function as a transcriptional coactivator.
The present manuscript focuses on elucidating the role of AEG1 in HCC pathogenesis. We demonstrate that AEG1 is overexpressed in HCC compared with normal human liver and that overexpression of AEG1 converts nontumorigenic HCC cells into highly aggressive and vascular tumors. More importantly, we also unravel what we believe are novel aspects of the molecular mechanism by which AEG1 augments HCC progression as compared with other tumor models. AEG1 activates multiple signal transduction pathways, known to be involved in HCC progression, and augments angiogenesis- and chemoresistance-associated genes, 2 key elements of HCC. Our studies establish AEG1 as a key regulator of HCC progression.
Results
AEG1 is overexpressed in HCC. Expression of AEG1 was analyzed by Western blotting in primary rat hepatocytes and human HCC cell lines HepG3, QGY-7703, SNU-423, Hep3B, HuH7, Sk-Hep-1, and Focus. Of these cells, HepG3 cells do not form tumors in nude mice, while QGY-7703 HCC cells form aggressive tumors (63) . A very low level of AEG1 expression is detected in primary rat hepatocytes compared with all the human HCC cells ( Figure 1A ). Interestingly, AEG1 expression was higher in QGY-7703 cells compared with HepG3 cells ( Figure 1A) . These findings were extended by 2 tissue microarrays: one containing 40 primary HCC, 10 metastatic HCC, and 9 normal adjacent liver samples (IMH-360; Imgenex); the other containing 46 primary HCC and 13 metastatic HCC (IMH-318; Imgenex) that were immunostained using anti-AEG1 antibody. Very little to no AEG1 immunostaining was detected in the 9 normal liver samples ( Figure 1B and Table 1 ), while significant AEG1 staining was observed in HCC samples (Figure 1 , C-I, and Table 1 ). AEG1 expression was detected predominantly in the perinuclear region. Among the 109 HCC samples, only 7 scored negative for AEG1 and the remaining 102 (93.58%) showed variable levels of AEG1 that could be correlated with the stages of the disease based on the Barcelona Clinic Liver Cancer (BCLC) staging system (Table 1) (8). Expression of AEG1 gradually increased in stages I-IV (Figure 1 , D, F, H, and C) as well as with the grades of differentiation from well differentiated to poorly differentiated (Figure 1 , D-I). These findings indicate that AEG1 expression is gradually increased with the stages of the disease as well as with loss of differentiation. To assess the strength of association between AEG1 expression and stages of HCC, we conducted an ordinal logistic regression, with the stage of HCC as the ordinal response and AEG1 expression as the independent variable in the proportional odds model. The hypothesis of association was highly significant (P value < 0.0001) according to Wald's χ 2 test (Table 1 ). Cytogeneticists were blinded to each sample's pathology. In addition to the tissue microarray, we analyzed AEG1 expression in 5 individual samples ranging from low-grade dysplastic nodule to different grades of HCC archived in the tissue bank of the Department of Pathology (Virginia Commonwealth University School of Medicine) with similar results (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI36460DS1).
We further analyzed AEG1 mRNA expression using a gene expression microarray (Affymetrix U133 plus 2.0) across 132 human samples in various stages of human HCC: normal liver (n = 10), cirrhotic tissue (n = 13), low-grade dysplastic nodules (n = 10), high-grade dysplastic nodules (n = 8), and HCC (n = 91). Expression of AEG1 in HCV-related HCC was significantly increased in comparison with normal liver and cirrhotic tissue. Mean upregulation in comparison with normal liver and cirrhosis were 1.7-fold (Student's t test; P = 0.04) and 1.65-fold (Student's t test; P < 0.001) increases, respectively. Figure 1J shows the box plots of the expression values of AEG1 for each stage normalized to gene expression in normal liver.
Next, we examined how many tumor samples had DNA copy gains at the AEG1 locus located on chromosome 8q. To do so, we calculated the average copy number for the 52 SNP array probes within 250 kb on either side of AEG1. For a copy number cutoff of more than 3, 27 of 103 tumors showed gains of chromosome 8q (26%). Nine of these same tumors had a copy number cutoff of more than 4 (8.7%). We also looked at the pair-wise correlation between copy number at the AEG1 locus and the log base 2 expression of every transcript on the U133 Plus 2.0 array, regardless of its position in the genome. There is a significant statistical correlation between AEG1 copy number and expression level (r = 0.723, permutation P < 0.004; Figure 1K ). AEG1 was the 19th most significant gene on this candidate gene list on chromosome 8 (Supplemental Table 1 ). Finally, we queried the list of significantly overexpressed or underexpressed genes associated with AEG1 copy number using the Significance Analysis of Microarrays package (http:// www-stat.stanford.edu/~tibs/SAM/). Among the 91 tumors with expression data, 24 had copy gains of more than 3 and 8 had copy gains of more than 4. AEG1 was among the list of significantly overexpressed genes using copy number cutoffs of more than 3 or more than 4 (false discovery rate [FDR] Q value < 0.002). In summary, AEG1 is significantly overexpressed in HCV-related HCC when compared with normal liver. This overexpression is associated with elevated copy numbers of AEG1, predominantly due to gains of large regions of chromosome 8q.
Inhibition of AEG1 prohibits growth of QGY-7703 cells in vivo. Subcutaneous xenografts were established in the flanks of athymic nude mice using 1 × 10 6 QGY-7703 cells. After the tumors reached a size of approximately 100 mm 3 , intratumoral injection of an adenovirus expressing AEG1 siRNA (Ad.AEG1si) was administered at a dose of 10 9 viral particle/injection. The injection was given 3 times during the first week and then twice in the second week. In a 4-week assay, Ad.AEG1si significantly inhibited the growth of QGY-7703 cells compared with PBS or an adenovirus expressing scrambled siRNA ( Figure 1L ). Altogether these studies demonstrate that AEG1 plays a key role in the pathogenesis of HCC.
Characterization of stable HepG3 clones overexpressing AEG1. HepG3 cells were transfected with AEG1 expression construct containing a C-terminal HA-tag in pcDNA3.1/Hygro(+) and selected with hygromycin to establish stable AEG1-expressing clones to elucidate the consequence of AEG1 overexpression in these cells. Clones 14 and 8 (Hep-AEG1-14 and Hep-AEG1-8) overexpressed AEG1 at a level similar to that of QGY-7703 cells (Figure 2A ). HepG3 clones stably transfected with empty pcDNA3.1/Hygro(+) (Hep-pc-4) was used as a control. All these clones were maintained in low doses of hygromycin. Immunofluorescence studies revealed that AEG1 is localized in the perinuclear region in these clones ( Figure 2B ). Analysis of cell viability by standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay revealed that, compared with Hep-pc-4, Hep-AEG1-14 and Hep-AEG1-8 clones had a higher proliferation rate, although the difference was not profound ( Figure 2C ). These clones also showed increased anchorageindependent growth in soft agar ( Figure 2D ). In matrigel invasion assay, Hep-AEG1-14 and Hep-AEG1-8 showed markedly higher invasive ability compared with Hep-pc-4, with 15- and 10-fold increase, respectively ( Figure 2E ).
Establishment of subcutaneous xenograft in flanks of nude mice revealed that while Hep-pc-4 cells did not form any tumors in a 3-week assay, Hep-AEG1-14 generated large and aggressive tumors that were highly vascular ( Figure 3 , A-E). These tumors were isolated, and formalin-fixed paraffin-embedded sections were made. H&E staining revealed nodular architecture in these tumors reminiscent of HCC ( Figure 3D ). Staining for AEG1 revealed perinuclear localization of the protein, while staining for CD31 demonstrated the presence of microvessels, indicating increased angiogenesis ( Figure 3E ). The intravenous injection through tail vain revealed presence of metastatic foci in the lungs in Hep-AEG1-14 but not in Hep-pc-4, as shown by the knobby appearance of the lungs ( Figure 3F ). Similar findings were observed with Hep-AEG1-8 clones (data not shown).
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To assess the strength of association between AEG1 expression and stages of HCC, an ordinal logistic regression was conducted with the stage of HCC as the ordinal response and AEG1 expression as the independent variable in the proportional odds model. The hypothesis of association is highly significant: P value < 0.0001 by Wald χ 2 test. A total of 109 HCC cases were analyzed.
human angiogenesis array. Hep-AEG1-14 cells produced higher levels of VEGF, placental growth factor (PIGF), and FGFα compared with Hep-pc-4 cells ( Figure 3G ). While no PIGF production was detected in Hep-pc-4 cells, significantly higher levels of PIGF were produced by Hep-AEG1-14 cells, indicating that PIGF might play an important role in generation of highly vascular tumors by Hep-AEG1-14 clones. Downstream signaling activated by AEG1. Signaling pathways activated by AEG1 were analyzed by expression analysis of phosphorylated forms of ERK, p38 MAPK, JNK, and AKT by Western blot analysis. Significantly higher phospho-ERK42/44 levels were detected in AEG1-overexpressing clones compared with Heppc-4 ( Figure 4A ). Higher levels of phospho-p38 MAPK and phospho-AKT were also observed in these clones, while no change in phospho-JNK was observed (data not shown). An NF-κB luciferase reporter assay revealed an approximately 3-fold increase in basal activity and an approximately 5-fold increase in TNF-α-induced activity in Hep-AEG1-14 clones compared with Hep-pc-4 (P < 0.01) ( Figure 4B ). Similar findings were also observed in Hep-AEG1-8 clones (data not shown).
Since the role of activation of Akt and NF-κB pathways has been demonstrated to mediate the effects of AEG1, we focused on the role of activation of ERK42/44 and p38 MAPK in mediating AEG1 effects in HCC cells. ERK42/44 and p38 MAPK pathways were blocked by their specific inhibitors, PD98059 and SB203580, respectively. Treatment with these agents for 72 hours did not significantly inhibit proliferation of Hep-pc-4, Hep-AEG1-14, and Hep-AEG1-8 clones ( Figure 4C ). However, both PD98059 and SB203580 profoundly inhibited matrigel invasion, by 67% and 84%, respectively, in Hep-AEG1-14 clones (P < 0.01) ( Figure 4D ). PD98059 and SB203580 inhibited anchorage-independent growth by 44% and 59%, respectively, in Hep-AEG1-14 clones (P < 0.01) ( Figure 4E ). These findings indicate that activation of both ERK42/44 and p38 MAPK pathways plays an important role in mediating AEG1-induced matrigel invasion and anchorage-independent growth.
Identification of AEG1 downstream genes in HCC. To identify the downstream genes mediating the effects of AEG1 in HCC cells, an Affymetrix oligonucleotide microarray (Human U133 plus 2.0) was performed between Hep-pc-4 and Hep-AEG1-14 clones. Data were analyzed using GeneSifter Analysis Edition. With a 1.5-fold cut-off, expressions of 5,180 different oligonucleotides, which include expressed sequence tags and multiple oligonucleotides belonging to the same gene, were modulated in Hep-AEG1-14 clones compared with Hep-pc-4 clones. One cluster of genes that was significantly modulated belonged to the Wnt signaling pathway. LEF1, the transcription factor activated by Wnt signaling, was induced 12.35-fold, while 2 negative regulators of Wnt signaling, CTBP2 and APC, were downregulated by 33.76-fold and 2.32-fold, respectively, in Hep-AEG1-14 clones compared with Hep-pc-4 clones ( Table 2 ).
The second cluster of genes that were upregulated in Hep-AEG1-14 clones was associated with chemoresistance. These genes included drug-metabolizing enzymes, such as dihydropyrimidine dehydrogenase (DPYD), principal enzyme-inactivating 5-fluorouracil (5-FU), cytochrome P4502B6 (CYP2B6), involved in the metabolism of multiple drugs, and dihydrodiol dehydrogenase (AKR1C2), conferring resistance to doxorubicin and cisplatin (Table 2) (64-67). The ATP-binding cassette transporter ABCC11 (also known as MRP8), which causes efflux of multiple chemotherapeutics including 5-FU, was significantly induced in Hep-AEG1-14 clones (Table 2) (68). Expression of transcription factor CP2 (TFCP2, also known as LSF and LBP1-1c), which activates the transcription of thymidylate synthase, target of 5-FU, was significantly upregulated in Hep-AEG1-14 clones ( Genes associated with invasion, such as claudin 4 (CLDN4) and tetraspanin 8 (TSPAN8), were upregulated, and transgelin (TAGLN, a suppressor of MMP-9) was downregulated significantly in Hep-AEG1-14 clones ( The up- or downregulation of the majority of these genes by AEG1 was confirmed by TaqMan quantitative PCR and correlated well with the findings of microarray analysis ( Table 2) .
Since activation of the Wnt pathway plays an important role in HCC pathogenesis, we focused on characterization of activation of the Wnt pathway by AEG1. The rationale of these studies was prompted by significant upregulation of LEF1 and profound downregulation of CTBP2 in both Hep-AEG1-14 and Hep-AEG1-8 clones by quantitative real-time PCR ( Table 2 ). LEF1 mRNA was upregulated 25.28- and 8.84-fold in Hep-AEG1-14 and Hep-AEG1-8 clones ( Figure 5A ; Table 2 ). A similar level of upregulation was detected in LEF1 protein levels by Western blot ( Figure 5B ) and by immunofluorescence ( Figure 5C Figure 5B) .
These findings were further corroborated in matched normal liver and HCC samples from the same patient. Sections of matched normal liver and HCC samples from 18 patients were immunohistochemically stained for AEG1 and LEF1. While very low to unde-tectable levels of AEG1 and LEF1 expression were observed in normal livers of all 18 individuals, significantly high levels of expression of AEG1 and LEF1 were detected in 13 out of the 18 HCC samples ( Figure 5D ). No changes in AEG1 or LEF1 expression were detected in the remaining 5 patients. These samples were further analyzed to check the expression of 3 additional AEG1 downstream genes, TFCP2, DPYD, and IGFBP7. TFCP2 and DPYD expression was upregulated in those HCC samples that displayed overexpression of AEG1 and LEF1 with a corresponding marked decrease in IGFBP7 expression ( Figure 5D ). These findings in human samples confirm the microarray findings obtained using cell lines, further confirming the validity of these gene products as AEG1 downstream genes.
As a consequence of LEF1 overexpression, a LEF1responsive luciferase reporter (TOPflash) was significantly upregulated in Hep-AEG1-14 clones compared with Hep-pc-4 clones ( Figure 5E ). Luciferase reporters containing mutated LEF1binding sites (FOPflash) did not show any increased activity, thus confirming the authenticity of the results ( Figure 5E ). To confirm the role of LEF1 in mediating AEG1 function, we employed LEF1 siRNA-mediated inhibition studies. LEF1 siRNA could significantly downregulate LEF1 protein levels but not AEG1 protein levels, while AEG1 siRNA downregulated both AEG1 and LEF1 protein levels, indicating LEF1 is downstream of AEG1 (Figure 5F ). Both AEG1 siRNA and LEF1 siRNA could significantly inhibit matrigel invasion by Hep-AEG1-14 clones (80% and 49%, respectively) ( Figure 5G ). Similarly, both AEG1 siRNA and LEF1 siRNA also resulted in profound inhibition of matrigel invasion by QGY-7703 cells ( Figure 5H) .
The transcriptional activity of LEF1 requires its heterodimerization with β-catenin. The localization of β-catenin, therefore, was checked by immunofluorescence analysis. In Hep-pc-4 cells, β-catenin was localized predominantly in the cell membrane, while in Hep-AEG1-14 clones, β-catenin was translocated in the nucleus ( Figure 6A ). β-Catenin was phosphorylated by GSK3β and underwent proteasomal degradation, while phosphorylation of GSK3β inactivated it and allowed nuclear translocation of β-catenin. It should be noted that HepG3 cells contain wildtype β-catenin, while a common HCC cell line, HepG2, has a truncated mutation in β-catenin so that it cannot be phosphorylated by GSK3β and hence becomes constitutively active (46) . Since AEG1 activates ERK42/44, it was hypothesized that ERK42/44 might phosphorylate GSK3β. The level of phosphorylated GSK3β was significantly higher in Hep-AEG1-14 clones compared with Hep-pc-4 clones ( Figure 6B ). As a consequence, the level of phosphorylated β-catenin was downregulated, resulting in an increase in total β-catenin. Treatment with PD98059 decreased levels of phosphorylated GSK3β, thus activating it, resulting in an increase in phosphorylated β-catenin levels and a decrease in total β-catenin levels. These findings indicate that AEG1 activates the Wnt signaling pathway directly by inducing LEF1 levels and indirectly by activating ERK42/44, thus facilitating nuclear translocation of β-catenin ( Figure 6C ).
Discussion
The present manuscript describes findings that are highly significant and relevant in the context of HCC. While AEG1 expression occurs at very low to almost undetectable levels in primary rat hepatocytes and in normal human liver sections, it gradually increases with the stages and grades of the disease in more than 90% of the HCC samples analyzed. Additionally, we observed a significant overexpression of AEG1 in HCV-related HCC when compared with normal liver. This overexpression is associated with an elevated copy number of AEG1, predominantly due to gains of large regions of chromosome 8q. In these contexts, AEG1 might be assessed as a new diagnostic tissue marker for HCC, and studies are currently being pursued using a large number of archival HCC samples to validate this hypothesis. The fact that commercially available anti-AEG1 antibody can be effectively used for immunohistochemistry in human tissue sections facilitates easy and rapid application of this marker for biopsy samples evaluated in pathological diagnostic laboratories.
Previous studies have demonstrated that AEG1 can protect PHFAs, rat embryo fibroblasts, and immortal melanocytes from serum starvation-induced apoptosis (62) . AEG1 alone moderately increases soft agar growth of PHFAs but cooperates with Ha-ras to augment anchorage-independent growth significantly (54) . Our gene expression studies demonstrate that elevated AEG1 expression is associated with increased expression of LEF1, a key transcription factor that controls the expression of several oncogenes, such as c-myc and cyclin D1. We also document that siRNA inhibi-tion of AEG1 significantly decreases LEF1 levels, indicating that LEF1 might be a direct downstream target of AEG1. Also, based on the analysis of 18 paired normal liver and HCC samples, we detected an association between LEF1 and AEG1 expression at the protein level. Additionally, AEG1 overexpression is correlated with increased activation of several proliferation and prosurvival pathways, such as MEK/ERK MAPK, Akt, Wnt/β-catenin, and NF-κB pathways as well as prosurvival transcription factors, such as TFCP2. AEG1 overexpression is associated with marked downregulation of IGFBP7, a senescence inducer. Recent findings indicate that downregulation of Wnt signaling is a trigger for senescence of primary human cells, and the observation that AEG1 augments the Wnt signaling cascade indicates that it might protect primary cells from senescence (75) . Thus AEG1 alone might be an immortalizing factor for hepatocytes and might function as a potential oncogene. Studies are ongoing to address the immortalization/transformation properties of AEG1 in primary human hepatocytes.
We have demonstrated that in 13 out of 18 patients, AEG1, LEF1, TFCP2, and DPYD expression were increased and IGFBP7 expression was decreased in matched HCC samples compared with normal liver. However, it should be noted that there was no significant correlation between the expression of AEG1 and its identified downstream genes (shown in Table 2 ), as determined by Affymetrix gene expression data in 132 HCC patients (analysis shown in Figure 1J ). One possible reason might be that there are probably multiple dysregulated signaling pathways in primary HCC that may influence the expression of target genes. Thus, the analysis of primary HCC might be more complicated than a cell-line model system involving insertion of a single gene. Another important observation is that the expression levels of AEG1 protein in HCC samples compared with that in normal liver were much higher than those of AEG1 mRNA in HCC samples compared with normal liver, as determined by microarray analysis. This raises the possibility that in HCC samples, AEG1 expression might be regulated at both transcriptional and posttranscriptional levels. AEG1 protein has a long half-life (~20 hours) that might explain the discordance between AEG1 mRNA and protein levels in HCC samples (56) . In these contexts, analysis of AEG1 protein turnover, such as by ubiquitin-proteasome-mediated pathway, might provide important insights into AEG1 regulation during tumorigenesis.
Regarding the biological impact of AEG1 overexpression in cellular models of HCC, microarray data demonstrate the potential role of AEG1 in dysregulating different genes related to invasion, chemoresistance, and angiogenesis, all key features of HCC, so that it can convert a nontumorigenic HCC cell into a highly aggressive metastatic cell that generates tumors similar to those in patientderived samples. It is intriguing that a single gene introduction can set forth such a plethora of changes; these changes automatically raise the question of how AEG1 elicits these effects. Unfortunately, the answer to this question is not simple. AEG1 is a 582 aa transmembrane protein. It is tethered to the nuclear membrane through its transmembrane domain, which resides between 51 and 72 aa residues (58) . Domain and motif searches do not reveal any known motifs or domains in this protein. Thus, prediction of the molecular mechanism by which AEG1 functions becomes extremely difficult. Based on its localization and its pleiotropic effects, the most likely mechanism by which AEG1 functions is interaction with other proteins. Previous studies have demonstrated that AEG1 expression is augmented by Ha-ras by activating the PI3K/Akt pathway and that AEG1 itself can activate Akt, thus setting up a positive feedback loop (61) . Based on this finding, it was hypothesized that AEG1 might positively affect cell-surface tyrosine kinase receptors via this loop, leading to the activation of ERK42/44 and p38 MAPK. However, tyrosine kinase inhibitors exerted no effect on AEG1 function (data not shown), thus further confounding the issue. It might be possible that AEG1 interacts with upstream kinases in these pathways, thus bringing forth the kinase cascade. Identification of its interacting partners will therefore be a key factor necessary for elucidation of molecular functions of AEG1, and we are extending our efforts through multiple approaches to achieve this goal. Based on our nude mice xenograft studies using QGY-7703 cells and AEG1 siRNA, it is evident that inhibition of AEG1 might be a highly effective therapeutic approach for HCC. Inhibition by siRNA in clinical contexts still has a long way to go because of lack of effective delivery approaches that would transduce 100% of primary and metastatic tumor cells. Thus, identification of small molecules that might perturb interaction between AEG1 and its partners and thereby inhibit AEG1 function might be the most rational and effective way of targeting AEG1.
Our studies demonstrate that activation of ERK42/44 leads to GSK3β phosphorylation and subsequent nuclear translocation of β-catenin. On the other hand, AEG1 induces the expression of LEF1 itself and downregulates APC and CTBP2. In this context, AEG1 activates Wnt signaling in multiple ways. LEF1 itself is a downstream gene of the Wnt signaling pathway, and LEF1 promoter is autoregulated, thus raising the question of whether AEG1 acti- vates the canonical Wnt signaling pathway (76) . Microarray studies performed in cellular models of AEG1 overexpression showed that a variety of Wnts and Fzd family members were upregulated by 1.5- to 3-fold by AEG1, although owing to variability among replicates, the induction was not considered statistically significant. Inhibition of upstream molecules in Wnt signaling, such as LRP5/6 and/or Dishevelled, might answer this question. Additionally, analysis of the LEF1 promoter itself might provide clues to the molecular mechanism of transcriptional regulation by AEG1.
In malignant glioma cells, overexpressed AEG1 is located predominantly in the nucleus, where it interacts with the p65 subunit of NF-κB and CBP, thus activating NF-κB signaling (57, 58) . In HCC cells as well as in human HCC samples, overexpressed AEG1 is located primarily in the perinuclear region, although a small amount of AEG1 is also detected in the nucleus. This small amount of nuclear AEG1 might be sufficient to activate basal NF-κB activity, which is significantly augmented upon treatment with TNF-α. This finding is extremely significant in the context of HCC, which develops in response to chronic inflammatory changes brought forth by HBV or HCV infection. The inflammatory cytokines might induce AEG1, which might play a role in immortalization of hepatocytes and subsequent transformation by activation of diverse signaling pathways. Strategies to block AEG1 might therefore be used as a preventative for HCC development in HBV- and HCV-infected patients.
In summary, we have identified AEG1 as a key regulator controlling multiple facets critical for HCC development. HCC is a tumor of diverse etiology, and it will be intriguing to determine whether AEG1 expression is augmented during HCC development irrespective of the initiating event. Also, identification of a common alteration occurring in all HCC that might induce AEG1 expression will help develop a generalized therapeutic strategy for HCC patients regardless of the underlying liver diseases. Our efforts are focused on developing an in-depth understanding of the regulation and functions of AEG1 in HCC, which could have a profound impact on both defining and treating this disease.
Methods
Cell lines, culture conditions, and viability assays. Primary rat hepatocytes were isolated and cultured as described (77) . SNU-423 cells were obtained from ATCC and cultured as instructed. HepG3, QGY-7703, Hep3B, HuH7, Sk-Hep-1, Focus, and HEK-293 cells were cultured as described (63, 78) . Cell viability was determined by standard MTT assays, as described (78) . PD98059 and SB203580 were used at doses of 10 μM and 5 μM, respectively.
Patient samples. Patient samples were obtained from the Liver Tissue Cell Distribution System (LTCDS), an NIH service that provides human liver and isolated hepatocytes from regional centers for distribution to scientific investigators throughout the United States (NIH contract N01-DK-7-0004/ HHSN267200700004C), and from the Virginia Commonwealth University Department of Pathology tissue bank. The 18 matched normal liver and HCC samples included the following: LTCDS nos. 1100, 1107, 1135, 1143, 1153, 1154, 1164, 1169, 1172, 1174, 1194, 1216, 1237, 1246, 1260, 1264, 1276 , and 1282. The 5 HCC samples obtained from the Department of Pathology tissue bank included the following: LTCDS nos. D697, D704, D711, D718, and D728. DNA copy number changes and gene expression microarray data were collected from a total of 132 human samples from the HCC Genomic Consortium. A thorough description of patients' characteristics has been previously reported (44, 79) . All experiments were performed under the approval of the Institutional Review Board, Virginia Commonwealth University. Patients gave informed consent.
Construction of stable cell lines. The C-terminal HA-tagged AEG1 expression
plasmid in the backbone of pcDNA3.1/Hygro(+) has been described previously (58) . This plasmid was used to transfect HepG3 cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Cells were then selected for 2 weeks in 250 μg/ml hygromycin, and individual colonies were isolated, expanded, and maintained in 50 μg/ml hygromycin. The overexpression of AEG1 in these clones was confirmed by Western blot analysis using anti-AEG1 and anti-HA antibodies. Empty pcDNA3.1/ Hygro(+) plasmid was used similarly to establish Hep-pc-4 cells.
Transient transfection and luciferase assay. Transfection was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. For luciferase assay, cells were plated into 24-well plates and the next day transfected with 3κB-luc (luciferase reporter plasmid containing 3 tandem repeats of NF-κB-binding site) and renilla luciferase expression plasmid for transfection control. Cells were incubated in the absence or presence of TNF-α (10 ng/ml). In a separate experiment, cells were transfected with pGL3-basic, TOPflash (luciferase reporter plasmid containing LEF1-responsive elements; Upstate) or FOPflash (luciferase reporter plasmid containing LEF1-responsive elements; Upstate), and renilla luciferase expression plasmid. Luciferase assays were measured using Dual-Luciferase Reporter Assay Kit (Promega) according to the manufacturer's protocol, and firefly luciferase activity was normalized by renilla luciferase activity. To knock down AEG1 and LEF1, cells were cultured for 2 days after transfection of 0.8 μg or 20 pmol of siRNA for AEG1 or LEF1, respectively.
Invasion assay. Invasion was measured by using 24-well BioCoat cell culture inserts (BD) with an 8-μ-porosity polyethylene terephthalate membrane coated with Matrigel Basement Membrane Matrix (100 μg/cm 2 ; BD). In brief, the Matrigel was allowed to rehydrate for 2 hours at room temperature by addition of warm, serum-free DMEM. The wells of the lower chamber were filled with medium containing 5% FBS. Cells (5 × 10 4 ) were seeded in the upper compartment (6.25-mm membrane size) in serum-free medium. The invasion assay was performed at 37°C in a 5% CO2 humidified incubator for 22 hours. At the end of the invasion assay, filters were removed, fixed, and stained with the Diff-Quick Staining Kit (IMEB). Cells on the upper surface of the filters were removed by wiping with a cotton swab, and invasion was determined by counting the cells that migrated to the lower side of the filter using a microscope at ×100 magnification.
Anchorage-independent growth assay in soft agar. Anchorage-independent growth assays were performed by seeding 1 × 10 5 cells in 0.4% Noble agar on a 0.8% agar base layer, both of which contained growth medium. Colonies were counted 2 weeks after seeding, and the data from triplicate determinations were expressed as mean ± SEM.
Immunostaining. Tumors were harvested from the animals, fixed in formalin, and embedded in paraffin. The sections were deparaffinized and were permeabilized with 0.1% Triton X-100 in PBS for 30 minutes. Sections were then blocked for 1 hour at room temperature with 2% goat serum and 1% BSA in PBS and incubated with anti-AEG1 and anti-CD31 antibodies overnight at 4°C. Sections were then rinsed in PBS and incubated with Alexa Fluor 488-conjugated anti-mouse or anti-rabbit IgG (Molecular Probes; Invitrogen), respectively, for 1 hour at room temperature. The sections were mounted in VECTASHIELD Fluorescence Mounting Medium containing DAPI (Vector Laboratories). Images were analyzed using an Olympus immunofluorescence microscope. For tissue microarray (IMH-360 and IMH-318, Imgenex) and for sections of normal liver and matched HCC, the slides were prepared as described previously except that the signals were developed by avidin-biotin-peroxidase complexes with DAB substrate solution (Vector Laboratories). For immunostaining of in vitro-cultured cells, cells were plated on 4-well chambers (BD Biosciences), fixed in formaldehyde, and then processed as described previously. The primary antibodies used were anti-AEG1 (1:500, chicken polyclonal), anti-LEF1 (1:200, rabbit polyclonal; Cell Signaling Technology), antiβ-catenin (1:200, rabbit polyclonal; Cell Signaling Technology), anti-TFCP2 (1:100, mouse monoclonal; BD Biosciences), anti-DPYD (1:100, mouse monoclonal; Abcam), and anti-IGFBP7 (1:100, mouse monoclonal; Santa Cruz Biotechnology Inc.).
Preparation of whole-cell lysates and Western blot analyses. Preparation of wholecell lysates and Western blot analyses were performed as described (58) . The primary antibodies used were anti-AEG1 (1:500; chicken polyclonal), HA (1:2000; chicken polyclonal; Sigma-Aldrich), anti-pERK (1:2,000; rabbit polyclonal; Cell Signaling Technology), anti-ERK (1:2,000; rabbit polyclonal; Cell Signaling Technology), anti-pp38MAPK (1:1,000; rabbit polyclonal; Cell Signaling Technology), anti-p38MAPK (1:1,000; rabbit polyclonal; Cell Signaling Technology), anti-pAKT (1:1,000; rabbit polyclonal; Cell Signaling Technology), anti-AKT (1:1,000; rabbit polyclonal; Cell Signaling Technology), anti-LEF1 (1:1,000; rabbit polyclonal; Cell Signaling Technology), anti-c-Myc (1:1,000; rabbit polyclonal; Cell Signaling Technology), anti-pGSK3α/β (1:2,000; rabbit polyclonal; Cell Signaling Technology), anti-GSK3α/β (1:2,000; rabbit polyclonal; Cell Signaling Technology), anti-β-catenin (1:2,000; rabbit polyclonal; Cell Signaling Technology), and anti-pβ-catenin (1:2,000; rabbit polyclonal; Cell Signaling Technology). Blots were stripped and normalized by reprobing with anti-β-tubulin (1:1,000; mouse monoclonal; Sigma-Aldrich).
Nude mice xenograft studies. Subcutaneous xenografts were established in the flanks of athymic nude mice using 1 × 10 6 QGY-7703 cells. After the tumors reached a size of approximately 100 mm 3 , intratumoral injection of an adenovirus expressing AEG1 siRNA (Ad.AEG1si) was administered at a dose of 10 9 viral particle/injection. The injection was given 3 times during the first week and then twice in the second week. Tumor volume was measured twice weekly with a caliper and calculated using the following formula: π/6 × larger diameter × (smaller diameter) 2 . In a separate experiment, 1 × 10 6 Hep-pc-4, Hep-AEG1-14, and Hep-AEG1-8 cells were subcutaneously xenotransplanted in the flanks of nude mice and followed for 3 weeks. For metastasis assays, 1 × 10 6 Hep-pc-4 and Hep-AEG1-14 cells were intravenously injected through the tail vein in nude mice. The lungs were isolated and analyzed after 4 weeks. All experiments were performed with at least 5 mice in each group, and all of the experiments were repeated 3 times.
Human angiogenesis array. The expression levels of 18 angiogenesis associated molecules were analyzed in supernatants of cells cultured in serumfree medium using the TranSignal Human Angiogenesis Antibody Array (Panomics) according to the manufacturer's protocol.
Total RNA extraction and microarray assay. Total RNA was extracted using QIAGEN miRNeasy Mini Kit (QIAGEN). Total RNA was used to perform Affymetrix Oligonucleotide Microarray (Human U133 plus 2.0) between Hep-pc-4 and Hep-AEG1-14 clones according to the manufacturer's instructions. Data were analyzed using GeneSifter Analysis Edition software (Geospiza). DNA and RNA extraction from human tissue, SNP-array technology (Sty Chip of the 500K Human Mapping Array Set; Affymetrix), and gene expression microarray methodology (Human U133 plus 2.0; Affymetrix) were performed as previously described (44, 79) .
Real time PCR. Real-time PCR was performed using ABI 7900 Fast Real-Time PCR System and TaqMan Gene Expression Assays for individual mRNAs according to the manufacturer's protocol (Applied Biosystems).
Statistics. Data are represented as the mean ± SEM and were analyzed for statistical significance using 1-way ANOVA followed by Neuman-Keuls test as a post hoc test. P < 0.05 was considered significant. Data analysis for copy number changes and microarray data in human samples was conducted using SPSS Package (version 16) and R software (http://www. R-project.org), as previously described (44, 79) . To assess the strength of association between AEG1 expression and stages of HCC, an ordinal logistic regression was conducted with the stage of HCC as the ordinal response and AEG1 expression as the independent variable in the proportional odds model using the Wald χ 2 test.
